INTRODUCTION
For several years, hydrogenated silicon (Si:H) has been used commercially as the active sensing layer in resistive uncooled microbolometer imaging arrays in the infrared spectral range.
1-4 Although Si:H has been a subject of wide interest for thin film transistors and photovoltaic devices, [5] [6] [7] [8] the impact of the growth evolution and microstructure on microbolometer device performance is not completely understood. For uncooled microbolometer applications, the key material properties that enable effective device performance include electrical resistivity, which results in imaging layer resistances compatible with read-out circuitry, a large temperature coefficient of resistance (TCR), and low electrical noise. All of these must be achievable in a material having process compatibility with standard IC/MEMS fabrication. 2, 9 While these requirements have been achieved with hydrogenated amorphous silicon (a-Si:H), further optimization of the material system to enable future generations of high performance uncooled microbolometers requires a deeper understanding of the relationship between the resistivity, TCR, and 1/f noise as a function of doping and microstructure. Prepared by plasma enhanced chemical vapor deposition (PECVD), a-Si:H is a particularly flexible material system since deposition parameters such as substrate temperature, dopant carrier gas type, doping gas ratios, plasma power density, and hydrogen dilution of the silane precursor can be broadly varied to impact the microstructure, and hence, the electrical properties of the film. In addition, understanding the specific impact of the film microstructure on the transport properties will allow for tailoring an improved class of films since electronic band states can be designed through the optimization of deposition conditions, in addition to the potential of alloying with other elements such as carbon and germanium, which have been used successfully in Si:H based photovoltaic devices.
Si:H films prepared by PECVD have been shown to exhibit changes in microstructure as functions of processing conditions. [10] [11] [12] [13] For example, films prepared at low hydrogen dilution generally remain amorphous throughout their growth, while films prepared at higher dilutions may initially grow as amorphous until a critical thickness, at which microcrystallites first nucleate and subsequently increase in their coverage of the surface area until they coalesce into a singlephase microcrystalline layer (lc-Si:H). The critical thickness for microcrystallite nucleation is dependent upon a variety of growth conditions and significantly varies upon the specific deposition parameters chosen.
In this work, Si:H thin films have been deposited by PECVD, resulting in q values ranging from 0.1 to 3000 X cm, and corresponding TCRs ranging from -0.5 to -4.5%/K. A combination of spectroscopic ellipsometry (SE) and electrical measurements (q, TCR, 1/f noise) have been used to study the effects of the deposition conditions on the film microstructure and the resulting impact on the electrical properties. A series of p-type a-Si:H prepared at differing hydrogen dilution levels have been used to demonstrate that changes in the growth conditions impact the electrical properties of amorphous material. Amorphous (a), microcrystalline (lc), and mixed-phase a)
Author to whom correspondence should be addressed. Electronic mail: Nikolas.Podraza@utoledo.edu. (a þ lc)-Si:H n-type films have been evaluated in order to quantify differences in the electrical properties resulting from microstructural variations, namely, the microcrystallite fraction. Spectroscopic ellipsometry has been applied in situ in real time during film growth or ex situ post-deposition in order to characterize the microstructure and optical properties, in the form of the complex dielectric function spectra (e ¼ e 1 þ ie 2 ). Differences between e of the amorphous and microcrystalline material allow for the extraction of the microcrystallite fraction in mixed-phase films, giving us insight into the microstructural composition. Correlations connecting the microstructure with the electrical transport properties are established, as are the roles of the process parameters in controlling the key material and electrical properties.
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EXPERIMENTAL DETAILS
The p-and n-type Si:H films studied here were prepared using RF (13. 4 ], which ranged from 0 to 500. The p-type a-Si:H deposition process was investigated in situ in real time using a rotatingcompensator multichannel ellipsometer at an angle of incidence, H i ¼ 70 o , and a spectral range from 1.5 to 5.0 eV, 14 while the n-type Si:H films were measured ex situ using a similar instrument at two angles of incidence, H i ¼ 65 o and 75 o , and a spectral range from 1.24 to 5.00 eV. 15 The p-type a-Si:H films, prepared at H 2 -dilutions ranging from 50 R 500, remain in the amorphous growth regime throughout all thicknesses studied: 500-800 Å . The structural model for these films consists of a semi-infinite cSi substrate/500 Å LPCVD SiN x /bulk a-Si:H film/surface roughness/ambient, where the free structural parameters consist of the bulk film thickness and surface roughness thickness. For such films, the time evolution of the bulk and surface roughness layer thicknesses, as well as the bulk layer dielectric functions, e, were extracted from the in situ real time spectroscopic ellipsometry data using a global Rr minimization procedure, where r is the unweighted error function. 16 The n-type Si:H films have been deposited in order to produce single-phase amorphous and microcrystalline material, along with a range of mixed-phase amorphous þ microcrystalline samples with varying microcrystallite content. For this series, e and the microstructural parameters are fit using a least squares regression analysis and an unweighted error function, r, using ellipsometric spectra collected on static samples ex situ after deposition. These films are modeled using a semi-infinite c-Si substrate/1 lm SiO 2 / 330 Å SiN x /Si:H film/Si:H þ SiN x interface/SiN x capping layer/surface roughness/air ambient stack. The free parameters consist of the bottom SiN x thickness, the bulk layer Si:H thickness, the Si:H þ SiN x interface thickness, the thickness of the SiN x capping layer, the surface roughness thickness, and a parameterization of the Si:H dielectric function.
The dielectric functions of the bottom SiN x layer were obtained directly from the ellipsometric spectra collected on a wafer without the Si:H layer deposited where the free parameters consist of the SiN x bulk and surface roughness thicknesses, as well as the parameterization of e for SiN x using a Tauc-Lorentz 17 oscillator and a Sellmeier oscillator. 18 The e for the top SiN x layer are extracted using the same type of parameterization, but from a combination of ellipsometric measurements collected for two samples where an a-Si:H layer has been deposited: one without the SiN x capping layer to quantify the underlying structure and the other with the SiN x capping layer so that the SiN x optical properties can be clearly determined. The Si:H parameterization for e consists of either a single Tauc-Lorentz oscillator for a-Si:H or two Tauc-Lorentz oscillators sharing a common bandgap for microcrystalline lc-Si:H. For the mixed-phase, (a þ lc)-Si:H, either one or two oscillators may be required to adequately fit the spectra depending on the microcrystallite fraction. For all parameterizations, a constant additive term to e 1 , represented by e 1 , is also included. The optical properties of the surface roughness layer are represented by a Bruggeman effective medium approximation 19 consisting of a 0.50 top layer film/0.50 void material fraction mixture. Similarly, the Si:H þ SiN x interface is represented by a Bruggeman effective medium approximation consisting of a 0.50 Si:H/0.50 SiN x mixture. All models use reference dielectric function spectra for the c-Si substrate and thermally grown SiO 2 . 20 The relative microcrystallite fraction, f lc , of the n-type (a þ lc)-Si:H material in the top 250 Å of the Si:H layer was then extracted by fitting the high energy ellipsometric spectra from 3.5 to 5.0 eV using a multiple sample analysis procedure. The n-type Si:H samples exhibiting clearly defined amorphous dielectric function characteristics have been simultaneously analyzed using a common a-Si:H dielectric function parameterization, while those n-type Si:H samples exhibiting the strongest microcrystalline characteristics have been simultaneously analyzed using a common lcSi:H dielectric function parameterization. After the common a-Si:H and lc-Si:H dielectric functions were determined, the high energy (3.5-5.0 eV) ellipsometric spectra for all samples were fit to a structural model where the Si:H parameterized dielectric function is replaced by a Bruggeman effective medium approximation consisting of a-Si:H and lc-Si:H volume fractions. From this analysis, the relative microcrystallite fraction of each n-type (a þ lc)-Si:H film is obtained, although this only describes the content of the top 250 Å of each film, since absorption in the 3.5-5.0 eV range limits the penetration depth of the probing light. Rectangular test structures of varying size and aspect ratio were fabricated by depositing and patterning low-resistance metal contacts using a lift-off technique and defining the test structure geometry through photolithography and dry-etching. Conductivity and 1/f noise measurements have been performed with the sample in thermal equilibrium in a temperature-controlled dark chamber. Thermal hysteresis behavior was not observed during the temperature cycling. Current-voltage (I-V) characteristics are taken in the -5 to þ 5 V range to confirm linearity and to confirm the ohmic character of the contacts. Conductivity is measured at a constant current of 20 nA and no drift was observed over the time of the measurement. The TCR is obtained from the temperature-dependent I-V measurements over a range of 15 to 80 C and the numerically derived, normalized temperature derivative of conductivity, 1/r (dr/dT), to obtain an activation energy, which is then converted into the reported TCR. 1 Noise is measured over a frequency range of 1 Hz to 1 KHz in the dark, in a temperature-controlled chamber, using a low noise current source and current amplifier (Keithley 428). The noise power spectral density is extracted with a HP3562A dynamic signal analyzer. The noise power spectral density for the samples reported here had 1/f dependence at low frequency with a transition to a constant (white noise) characteristic at higher frequency. The white noise was found to be equal to the calculated Johnson noise for each test structure resistance implying both low contact resistance and low test set noise. The noise values reported here are the 1/f noise power spectral densities at 1 Hz (well within the 1/f noise regime for all samples), taken from spectra like those shown in Fig. 1. Figure 1 shows two sets of noise spectra; one from relatively high-noise a-Si:H and one from relatively low-noise a-Si:H.
RESULTS
The results of the in situ real time SE to study the growth evolution of the a-Si:H films are presented in Fig. 2 which shows the surface roughness thickness as a function of the bulk layer thickness for the R ¼ 500 film. The R ¼ 500 film and all films prepared at lower R exhibit an amorphous roughening transition [a ! a], 10, [21] [22] [23] [24] [25] which is denoted by an increase in surface roughness after the initial coalescence of clusters on the substrate and subsequent smoothening, typically at bulk layer thicknesses 100 Å for films prepared under these conditions. The films remain amorphous both before and after the [a ! a] roughening transition. No amorphous to mixed-phase (amorphous þ microcrystalline) transition [a ! (a þ lc)], 5,10,13 characteristic of the initial appearance of microcrystallites, is observed even for the highest H 2 -dilution within the pressure regime used (1 Torr). An example of a film undergoing the [a ! (a þ lc)] transition at 250 Å with a sharp increase in the surface roughness thickness beyond that bulk layer thickness from Ref. 10 is also shown in Fig. 2 for comparison. All films in this p-type series are determined to nucleate as amorphous material on the 500 Å SiN x -coated c-Si substrates and remain amorphous throughout the deposition since no [a ! (a þ lc)] transition is observed. As shown in Fig. 3 , e for the R ¼ 50 and R ¼ 500 films, also indicates that these films remain amorphous since only a single resonance feature is observed. 26, 27 The spectra in e, however, do vary with increasing H 2 -dilution. As is evident in Fig. 3 , the amplitude of both the real and imaginary parts increase with H 2 -dilution. To quantify this change, e from this series are fit to a Bruggeman effective medium approximation consisting of e obtained for the representative densest p-type a-Si:H film exhibiting the highest amplitude; in this case, the film prepared at R ¼ 300, and a relative fraction of voids, f v , where e void ¼ 1. 28 The relative void fraction as a function of H 2 -dilution is shown in Fig. 4 and indicates that materials prepared at low dilution, R < 200, may exhibit a lower density while those prepared at higher dilution, R 200, appear denser and do not show a significant change in relative void The series of n-type Si:H films were studied using ex situ SE and a multiple sample analysis technique to ascertain the microstructure of the samples and track the influence of these effects on the electrical properties. Common a-Si:H and lc-Si:H spectra in e, shown in Fig. 6 , are determined for this series of films from the simultaneous fitting of several sets of near phase-pure a-Si:H and lc-Si:H samples. The a-Si:H and lc-Si:H spectra in e extracted by this approach, respectively, show a characteristic single resonance feature for a-Si:H 26, 27 and the presence of two resonance features near 3.5 and 4.1 eV, representative of the dampened critical point features of c-Si for lc-Si:H. 29, 30 These reference dielectric function spectra and a Bruggeman effective medium approximation are used to determine the relative microcrystallite fraction in the top 250 Å of each n-type Si:H layer. The resistivity, TCR, and 1/f noise at 1 Hz vary with the relative microcrystallite fraction as shown in Fig. 7 . The relative microcrystallite fraction extracted from this technique has a strong correlation with electrical performance, with monotonic decreases in TCR, resistivity, and 1/f noise with increasing microcrystallite fraction.
DISCUSSION
Figures 1 and 2 demonstrate that the p-type a-Si:H films produced as a function of variable H 2 -dilution are amorphous, regardless of the dilution level up to R ¼ 500, for these other fixed deposition conditions. Disordered amorphous material is not unexpected with the inclusion of boron and carbon from the trimethylboron, though microcrystalline material may be obtained using higher processing pressures, plasma power densities, or lower doping gas ratios than those used in this study. 31, 32 However, e indicates that films prepared at a low H 2 -dilution exhibit a lower density than those prepared at a higher dilution, as shown in Fig. 4 . Variations in e and the microstructure of a-Si:H materials as a function of H 2 -dilution are commonly observed. In the case of Si:Hbased thin film photovoltaic devices, the amorphous material produced at the highest H 2 -dilution possible, prior to the nucleation of microcrystallites, is generally considered to exhibit improved ordering. This behavior is reflected in e and the surface roughness evolution, as evidenced through improvements in device performance, compared to less highly diluted materials. [10] [11] [12] Resistivity, TCR, and 1/f noise are observed to increase with increasing dilution as shown in Fig. 5 . In general, high TCR is beneficial and higher 1/f noise is detrimental to microbolometer device performance. We believe the increase in resistivity may be attributed to one of several probable mechanisms controlling the final incorporation of boron into the films, though no direct measurement of dopant incorporation was performed in this work. Under deposition conditions involving high H 2 -dilution, the effective breakdown of B(CH 3 ) 3 in the plasma might be prevented, limiting the dissociated boron available for incorporation into the film. Alternatively, excessive hydrogen at the growth surface may impact the effective sticking coefficient of boron hydride radicals by reducing the number of available dangling bond sites for chemisorption of the dopant precursor. Borane radicals have been linked to increased deposition rates, by extracting terminal hydrogen from the surface and creating more dangling bond sites for SiH 3 radicals. 33 This sort of behavior, whereby borane tends to remove hydrogen and create a dangling bond rather than sticking to the surface itself, is expected to limit the final borane incorporation in the film. As such, to simultaneously control resistivity and obtain material prepared at high H 2 -dilution, it is necessary to better control the dissociation of B(CH 3 ) 3 in the plasma and its adsorption to the surface to increase boron incorporation. This control might be achieved by several methods, including simultaneously varying the doping gas ratio, D, and the H 2 -dilution, R, or increasing the processing pressure or plasma power density for a given doping ratio, such that the majority of B(CH 3 ) 3 is broken down and effectively incorporated regardless of the H 2 -dilution levels. Thus, the increase in resistivity of the p-type films with H 2 -dilution may be linked to the relative amount of dopant incorporated into the films, with the TCR and 1/f noise also affected. Confirmation of changes in the dopant concentration was beyond the scope of this study, but merits further attention.
Even without knowledge of boron concentration in these films, some conclusions might be inferred through optical measurement methods. Variations in e show that material prepared with low H 2 -dilution is less dense than that prepared at higher H 2 -dilution. Consequently, for the less dense material to be more conductive, one can reason that additional dopants must be incorporated at low H 2 -dilution with regard to those dopant atoms which participate in conduction. As the n-type Si:H data illustrates, there is some correlation between TCR and resistivity, whereby greater resistivity leads to greater TCR. Because of this effect, it is difficult to directly ascribe the behavior of TCR to variations in H 2 -dilution, rather than the variations in density and resistivity that result from dilution. From a practical standpoint however, the correlation between H 2 -dilution and the resulting resistivity and TCR is useful to those trying to tailor the properties of similar films.
The series of n-type Si:H material have been studied by ex situ SE, and a multiple sample analysis procedure has been used to determine common amorphous and microcrystalline spectra in e, as shown in Fig. 6 . The reference e for aSi:H consisted of a single Tauc-Lorentz oscillator, which is characteristic of a-Si:H materials, while the reference e for lc-Si:H consisted of two Tauc-Lorentz oscillators sharing a common gap. The lc-Si:H e spectra exhibits broadened and dampened amplitude features with resonance energies near 3.5 and 4.1 eV, which are consistent with the critical point positions of c-Si and the dampening and broadening of these features due to the smaller grain size and increased disorder in the material. 29, 30 These reference e spectra are combined with a Bruggeman effective medium approximation so that the relative microcrystallite fraction in the top 250 Å is extracted for the remainder of the mixed-phase (a þ lc)-Si:H films in the series. The resistivity, TCR, and 1/f noise have been evaluated as functions of the relative microcrystallite fraction in this series of materials, as shown in Fig. 7 . As expected, the resistivity decreases with the increasing degree of microcrystallinity, which is accompanied by a decrease in the TCR and 1/f noise. The low TCR values obtained for the predominately microcrystalline materials are consistent with those of doped lc-Si in the respective resistivity range. 32 High TCR values are observed for the a-Si:H samples, although a relative microcrystallite fraction at the top surface, f lc 0.07, can significantly reduce the TCR. The controlled incorporation of smaller amounts of microcrystallites in the bulk of the Si:H layer has yet to be methodically evaluated.
A comparison of the TCR values as a function of resistivity for both the n-and p-type Si:H materials is shown in Fig. 8 . It is clear that there are increases in TCR with increasing resistivity for both n-and p-type doped Si:H materials, and that the highest TCR values occur for materials in the amorphous regime. Therefore, a comparison of the TCR and 1/f noise of all a-Si:H samples is shown in Fig. 9 . For the range of resistivity from 1000-3000 kX cm, the p-type aSi:H samples exhibit lower TCR values, but also lower 1/f noise. This behavior indicates that 1/f noise and TCR are not solely correlated to film resistivity, but that variations in the material structure, such as that induced by the choice of carrier type, may be responsible for the control of these properties.
When trying to understand the differences in 1/f noise between n-and p-type samples of similar resistivity, a simple interpretation can be made, provided that similar noise mechanisms operate in a-Si:H with either dopant. It is generally assumed that the mobility of holes is lower than that of electrons 34 and thus, for films of similar resistivity, p-type aSi:H must have more charge carriers participating in conduction than n-type a-Si:H. The empirical noise equation given by Hooge, 35 suggests that 1/f noise is inversely proportional to the number of carriers participating in the conduction. This equation gives a simple interpretation for films of similar resistivity: p-type materials are expected to require greater carrier densities to compensate for their lower carrier mobilities, thus this difference in the number of conduction participants yields lower 1/f noise. This reasoning assumes that the Hooge parameter is independent of carrier type, confirmation of which demands accurate mobility measurements for determination of the carrier densities and the Hooge parameter itself.
The TCR of a film is correlated with some activation energy, 1 although the meaning of this energy has multiple interpretations. A simplistic model would reason that this energy would be the separation between an effective mobility edge and the Fermi level. 34, 36 If the charge carriers around the mobility edge are considered as two populations, those moving through the higher energy extended states with mobilities near that of crystalline silicon and those trapping and de-trapping in the band tails with very low mobility, the interaction between these two populations may offer an approach to understanding the role of localized states and the influence of dopant type on the TCR. The density of states at the conduction band tail, which is known to have a steeper slope, may result in a more thermally-responsive carrier population, accounting for the higher TCR measured in the ntype material. If these band tail states assist in the transport by providing additional carriers that can be subsequently promoted to extended states, then a steeper slope is expected to cause an increase in the temperature dependence of the effective carrier mobility. Without more detailed knowledge of the band edges and their interactions with extended states, it is difficult to differentiate between the influences of localized tail state densities, defects, midgap states, and more practical problems, such as the role of interfaces.
SUMMARY
Doped n-and p-type Si:H thin films for uncooled microbolometer applications have been studied using SE and electrical property measurements. In situ real time SE has been used to study microstructural variations in a series of a-Si:H p-type materials, while ex situ SE has been used to determine common amorphous and microcrystalline complex dielectric functions for n-type a-Si:H and lc-Si:H and the relative microcrystallite content in the top surface of (a þ lc)-Si:H films. For the p-type a-Si:H series, variations in H 2 -dilution result in increases in the resistivity, TCR, and 1/f noise with increasing R. The n-type Si:H series is used to assess the role that variations in the degree of microcrystallinity play on the electrical properties. With increasing microcrystallinity, expected decreases in the resistivity, TCR, and 1/f noise are observed, with a sharp decrease in TCR for f lc > 0.07. Comparisons of TCR and 1/f noise for n-and p-type a-Si:H materials over the same resistivity range show that the p-type material exhibits lower TCR values but also lower 1/f noise. The 1/f noise behavior may be rationalized as an effect of the increased carrier density required by p-type a-Si:H to have similar resistivity to n-type material; an artifact of having matching resistivities with carrier types of different mobility. An explanation of the differences in TCR behavior requires further study of the interactions between the conduction and valence band tail carrier populations with more mobile extended state populations, since dynamic transport through localized and extended states cannot be de-convolved from the effective activation energy observed in simple TCR measurements.
